Abstract. Solar neutrinos have been pivotal to the discovery of neutrino flavour oscillations and are a unique tool to probe the reactions that keep the Sun shine. Although most of solar neutrino components have been directly measured, the neutrinos emitted by the keystone pp reaction, in which two protons fuse to make a deuteron, have so far eluded direct detection. The Borexino experiment, an ultra-pure liquid scintillator detector running at the Laboratori Nazionali del Gran Sasso in Italy, has now filled the gap, providing the first direct real time measurement of pp neutrinos and of the solar neutrino luminosity.
Introduction
The study of low energy solar neutrinos (i.e. below 1-2 MeV, see Fig. 1 ) is relevant for two main reasons: on one hand, they offer a unique opportunity to investigate the behaviour of the Sun's interior and test the predictions of the Standard Solar Model; on the other, they allow to probe the MSW-LMA neutrino oscillation scenario in an energy range that is not accessible to water Cherenkov detectors [1, 2] , which can detect solar neutrinos only above an energy threshold of about 3.5 MeV.
The original main goal of Borexino [3, 4] was the precise measurement of the rate induced by the monochromatic electron neutrinos (0.862 keV) produced by the electron capture decay of 7 Be in the Sun [5, 6] . However, the very high radio purity of the scintillator offered new unexpected results, such as a clear evidence of the pep solar neutrinos [7] , a low energy threshold (3 MeV) detection of 8 B neutrinos [8] , an unambiguous detection of geo-neutrinos [9] , and several additional results on the search of rare events [10] [11] [12] [13] .
In this paper we report about an even less anticipated result, namely the real time detection of the solar neutrinos of lowest energy, the so called pp neutrinos, which were detected in the early 90's only by means of geochemical techniques [14] , and its flux extracted indirectly. The Borexino direct measurement was made possible by the very low radioactive background, particularly in 85 Kr, achieved after an extensive purification campaign performed in 2010-2011 and thanks to the extremely good performance of the detector as a whole.
The pp reaction pp −→ d + e + + ν e in the core of the Sun is the keystone process for energy production and is the source of the largest component of the neutrino flux. Its measurement is a major experimental milestone in solar neutrino physics, and paves the way to a deeper understanding of the Sun dynamics through a high precision comparison between photon and neutrino luminosity that future Borexino inspired detectors will be able to achieve.
Borexino is a liquid scintillator calorimeter [16] [17] [18] designed for the real-time observation of low energy solar neutrinos and anti-neutrinos. Neutrinos are detected through their elastic scattering on electrons and by means of the consequent emission of scintillation light, which is produced with a yield of about 500 p.e./MeV; anti-neutrinos are detected through inverse beta decay on protons. The total cross section of electron neutrinos depends on both charged and neutral currents weak interactions, while that of other neutrino flavours is induced by neutral currents only. The interaction rate depends therefore on the neutrino type at the target, a fact that makes the experiment sensitive to neutrino oscillations occurring along the path from the production site in the Sun's up to the detector.
The inner part of the Borexino detector [16] is an unsegmented stainless steel sphere (SSS) that is both the container of the scintillator and the mechanical support of the photomultipliers. Within this sphere, two nylon vessels separate the scintillator volume in three shells of radii 4.25 m, 5.50 m and 6.85 m, the latter being the radius of the SSS itself. The inner nylon vessel (IV) contains the liquid scintillator solution (PC+PPO), while the second and the third shell contain PC with a small amount of light quencher in order to further reduce the scintillation yield of pure PC. The PC/PPO solution that we adopted as liquid scintillator guarantees high scintillation yield (≈ 10 4 photons/MeV), high light transparency, and fast decay time (≈ 3 ns), all essential for good energy resolution, precise spatial reconstruction, and good discrimination between -like events and events due particles [19] .
The scintillation light is collected by 2212 photomutipliers (PMTs) that are uniformly attached to the inner surface of the SSS. All but 384 PMTs are equipped with light concentrators that are designed to reject photons not coming from the active scintillator volume, thus reducing the background due to radioactive decays originating in the buffer liquid or 's from the PMTs. The 384 PMTs without concentrators are used to study this background, and to help identify muons that cross the buffer, but not the Inner Vessel. Due to ageing, the actual number of operational PMTs during data taking was normally smaller, typically about 1800 in total.
The SSS is supported by 20 steel legs and enclosed within a large tank (WT) that is filled with ultra-pure water. The WT has a cylindrical base with a diameter of 18 m and a hemispherical top with a maximum height of 16.9 m. The WT is a powerful shielding against external background ( rays and neutrons from the rock) and is also used as a Cherenkov muon counter and muon tracker. The muon flux, although reduced by a factor of 10 6 by the 3800 m w.e. depth of the Gran Sasso Laboratory, is of the order of 1 m −2 h −1 , corresponding to about 4000 muons per day crossing the detector. A strong additional reduction factor (about 10 4 ) is necessary to meet the Borexino requirements. Therefore the WT is equipped with 208 photomultipliers that collect the Cherenkov light emitted by muons in water. More details about the detector and its design principles can be found in [16] [17] [18] .
The very high purity of the scintillator and the low radioactive background obtained in the innermost volume of the detector are the unique feature that has allowed all Borexino measurements and the one described in this paper in particular. The achievement of this good performance is the result of a long R&D effort that is described elsewhere [3, 4, 20, 21] .
Borexino data taking is split into two main periods: the so-called Phase-I, which lasted from 2007 until 2011, where we measured 7 Be, 8 B, pep and geo-neutrinos; the Phase-II, which has begun at the end of 2011 and which is still in progress. The pp-neutrinos analysis was done with Phase-II data only, being Phase-I data affected by a non-negligible 85 Kr background. In the next sections we describe the pp analysis and discuss the result. Left: spectra of first and second events in trigger windows acquired during the live time considered in the pp analysis. Second clusters are not subject to the effects of trigger threshold, and are thus useful for the independent estimate of the 14 C rate. Right: spectrum obtained by slicing random triggers into smaller time windows with the same duration as those used in regular data for the computation of our energy estimator.
pp neutrino analysis
The data used in this analysis was collected between Jan. 2012 and Jun. 2013, containing the first 408 live days of data of Borexino Phase-II. These data are characterised by reduced levels of some of the most relevant radiogenic backgrounds, particularly 85 Kr, 210 Bi and 210 Po, thanks to a series of successful purification campaigns based on water extractions and low Argon-Krypton nitrogen sparging [23] . Basic selection criteria of this analysis are the same as previous Borexino solar neutrino papers and have been described in detail in [23] , in the context of Borexino Phase-I. In particular, the criteria used in the pp analysis are:
1. No coincidence with muon events, identified both the the Cherenkov detector and with pulse-shape analysis in the scintillator; 2. Event triggered by a scintillation event in the inner detector; 3. No electronic noise from PMTs or electronics racks; 4. No coincidence with isotopic decays in the radon branch of the uranium series; 5. Position reconstruction within the fiducial volume; for this analysis, the fiducial volume is a truncated sphere with radius R = 3.021 m, |z| = 1.67 m; the fiducial volume is 86 m 3 , corresponding to 75.5 ton of scintillator target.
Most of the remaining background is 14 C -decays, whose end-point is 156 keV, very close to the pp region of interest. To estimate its rate independently from the main analysis, we looked at a sample of data in which the event causing the trigger is followed by a second event within the same trigger window (16 s long, while physical events last 100-500 ns). These second events are not subject to the trigger threshold (the typical threshold was 25 hits during data taking, corresponding to approximately 40 keV in -equivalent energy deposit), so they register down to much lower energies. The spectra of first and second events are shown in Fig. 2 -left. By fitting this spectrum against the known 14 C spectral shape, we obtain a 14 C rate in Borexino of 40 ± 1 Bq per 100 t. The error accounts for statistical and systematical uncertainties, most notably due to uncertainty in the 14 C spectral shape and fit conditions. Due to its high rate, 14 C naturally generates a considerable amount of pile-up: two physical events occur so close to each other in time that the detector fails to resolve them. With the above measurement of the 14 C rate, the expected rate of 14 C-14 C pile-up is 100 per day per 100 t. This is comparable to the expected pp neutrino interaction rate. In addition, the endpoint of the 14 C-14 C pile-up spectrum is 312 keV (twice the 14 C spectrum end-point), also
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close to the endpoint of the pp-induced recoil spectrum, E max R =264 keV. This underlines the importance of a careful assessment of pileup events, both 14 C-14 C and other pile-up. The pile-up component can be determined using an independent, data-driven method which we called synthetic pileup. Real triggered events with no cuts are artificially overlapped with random data obtained from the ends of real trigger windows, uncorrelated with the triggering event. By overlapping four random data samples with each physical trigger, we obtain a sample of synthetic events that has four times the exposure of the real data set used. The synthetic events are then reconstructed using the same software used for real events, and selected with the same criteria. Using this method, we obtained the true rate and spectral shape of pile-up in our detector. This method naturally accounts for the effect of fiducialization on pile-up events.
With the 14 C and pile-up rates fixed, we obtained the pp rate by fitting the data spectrum in a window of 165-590 keV against the known spectral shapes. The fit was performed with a tool named spectral-fitter, previously used in 7 Be [5] and pep [7] analyses. The tool was improved to work on any Borexino analysis. In particular, we included a treatment of the scintillator energy response to mono-energetic electrons at high statistics; a modified treatment of the energy resolution at low energy; and the introduction of synthetic pile-up. In addition to pp, 14 C and pile-up, other species included in the fit are other solar neutrinos ( 7 Be, CNO and pep), 85 Kr, 210 Bi, 210 Po and 214 Pb. The 7 Be rate was fixed to the rate previously obtained by Borexino [5] ; CNO and pep rates were fixed to the values predicted by the highmetallicity Standard Solar Model; remaining background rates are left free in the fit, except for 214 Pb, which is fixed to the value measured by looking at 214 Bi-214 Po coincidences. The scintillator light yield and two energy resolution parameters are free to vary in the fit. The energy spectrum after cuts, together with the best fit, is shown on Fig. 3 . The uncertainties shown in the figure are statistical only.
We considered also an alternative method to account for pile-up, which we called the convolution method. Random trigger with 16 s-long samples of data are regularly collected by Borexino. These data are sliced into time windows of the same duration as the window used for our energy estimator. By computing the energy estimator inside each of these small windows, we generate the distribution shown in Fig. 2 -right. This distribution is the spectrum collected by Borexino without a trigger threshold, and it includes electronic noise, as well as all physical events generated by signal and background species. Pile-up can be generated by convolving each spectral component (neutrinos and backgrounds) with this spectrum. Fit conditions were varied to estimate the systematic uncertainty. Effects considered include variations in: 1) The pile-up evaluation method (synthetic and convolution); 2) The length of the time window in which we count PMTs hit; 3) The definition of the fiducial volume; 4) The expected value of the CNO neutrino detection rate; 5) The fit start and end points.
Fits were performed using many different combinations of all these. The histogram of the rates obtained in all these conditions is shown in Fig. 4 . The root mean square of the distribution is 9.8 (d · 100 t) −1 . In addition, the resolution of the position reconstruction algorithm (20 cm; Sect. 2) induces a 2% uncertainty in the determination of the fiducial volume. These uncertainties are added in quadrature to obtain the total systematic uncertainty of our measurement. The final pp neutrino interaction rate is:
We also studied possible variations in the result caused by: 1) uncertainties in the spectral shapes of 214 Po and 210 Bi; 2) variations of the expected pep rate within the measured and theoretical uncertainties; 3) leaving the 214 Po rate free in the fit; 4) varying the veto time after muons cross the detector. No significant variations were observed. We also studied as a potential source of background the -emitter 87 Rb, with a Q-value of 283.3 keV, very similar to the end-point of the pp-induced electron recoil spectrum E max R . Using the known crustal abundances, isotopic abundances and half-lives of 87 Rb and 40 K, we can calculate the ratio between their natural activities to be 1 to 4, respectively. Under the assumption that the relative abundances of 87 Rb and 40 K in Borexino are equal to their relative crustal abundances, and knowing that the rate of 40 K in Borexino is < 0.4 (d · 100 t) −1 , we can constrain the 87 Rb rate to <0.1 (d· 100 t) −1 .
Interpretation and conclusions
The electron neutrino survival probability, P ee , is the probability for a solar neutrino produced as electron type to arrive at Earth as an electron-neutrino. It can be computed from the most up-to-date oscillation parameters and interaction cross sections, and the electron number density in Borexino, (3.307 ± 0.003) × 10 31 (100 t) −1 [6] (see [22] for details). Using that number and our measured pp neutrino interaction rate, we can calculate the pp neutrino flux to be (6.6 ± 0.7) × 10 10 cm −2 s −1 , consistent with the SSM prediction. The uncertainty of the present measurement does not allow us to distinguish between the high and low-metallicity solar models.
Conversely, using pp neutrino flux predicted by the SSM as input, we calculate the survival probability P ee = 0.64±0.12, consistent with expectations from the LMA-MSW solution [24] , as shown in Fig. 5 . Finally, the fact that the present measurement of the pp neutrino flux is consistent with expectation justifies the assumption made by the SSM that the photon and neutrino luminosities from the Sun can be correlated; i.e., that the Sun has been stable for the past 10 5 years. This invalidates a previous hypothesis that changes in the solar core over these time scales could be responsible for terrestrial global epochs [25] .
In conclusion, the pp reaction in the Sun is the keystone process for energy production and is the source of the largest component of neutrino flux. The observation of the low-energy (0-420 keV) pp neutrinos made by Borexino was possible because of the unprecedentedly low level of radioactivity reached inside the detector. The measured value is in good agreement with the predictions of both the high-metallicity and the low-metallicity SSMs. Although the experimental uncertainty does not yet allow the details of these models to be distinguished, this measurement confirms our understanding of the Sun. Future Borexinoinspired experiments might be able to measure solar pp neutrinos with the level of precision (≈1% or better) needed to cross-compare photon and neutrino solar luminosities, while
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providing insight into solar dynamics over 10 5 -yr timescales. At the same time, such a precise measurement of pp neutrinos would yield the ultimate test for the MSW-LMA neutrino oscillation model and allow precision tests for exotic neutrino properties.
The Borexino experiment has measured all neutrino components related to the pp cycle. An attempt to measure CNO neutrinos, and therefore contribute to the solution of the metallicity problem, will be done in the next years, possibly with the help of additional purification cycles. The Borexino detector will also be used to search for sterile neutrinos by means of artificial neutrino and anti-neutrinos sources in the framework of the SOX project [26] .
